Microorganisms produce a large number of pharmacologically and biotechnologically important peptides by using nonribosomal peptide synthetases (NRPSs). Due to their modular arrangement and their domain organization NRPSs are particularly suitable for engineering recombinant proteins for the production of novel peptides with interesting properties. In order to compare different strategies of domain assembling and module fusions we focused on the selective construction of a set of peptide synthetases that catalyze the formation of the dipeptide a-L-aspartyl-L-phenylalanine (Asp-Phe), the precursor of the high-intensity sweetener a-L-aspartyl-L-phenylalanine methyl ester (aspartame). The de novo design of six different Asp-Phe synthetases was achieved by fusion of Asp and Phe activating modules comprising adenylation, peptidyl carrier protein and condensation domains.
Microorganisms produce a large number of pharmacologically and biotechnologically important peptides by using nonribosomal peptide synthetases (NRPSs). Due to their modular arrangement and their domain organization NRPSs are particularly suitable for engineering recombinant proteins for the production of novel peptides with interesting properties. In order to compare different strategies of domain assembling and module fusions we focused on the selective construction of a set of peptide synthetases that catalyze the formation of the dipeptide a-L-aspartyl-L-phenylalanine (Asp-Phe), the precursor of the high-intensity sweetener a-L-aspartyl-L-phenylalanine methyl ester (aspartame). The de novo design of six different Asp-Phe synthetases was achieved by fusion of Asp and Phe activating modules comprising adenylation, peptidyl carrier protein and condensation domains.
Product release was ensured by a C-terminally fused thioesterase domains and quantified by HPLC/MS analysis. Significant differences of enzyme activity caused by the fusion strategies were observed. Two forms of the Asp-Phe dipeptide were detected, the expected a-Asp-Phe and the by-product b-Asp-Phe. Dependent on the turnover rates ranging from 0.01-0.7 min
, the amount of a-Asp-Phe was between 75 and 100% of overall product, indicating a direct correlation between the turnover numbers and the ratios of a-Asp-Phe to b-Asp-Phe. Taken together these results provide useful guidelines for the rational construction of hybrid peptide synthetases.
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Nonribosomal peptide synthesis is an alternative method for the production of pharmacologically and biotechnologically important products. Many microorganisms produce these as secondary metabolites by using nonribosomal peptide synthetases (NRPSs) [1] . The assembly of nonribosomally synthesized peptides is determined by the sequence of catalytically independent modules of the multifunctional NRPSs [2] [3] [4] . Each module consists of a set of catalytic domains essential for the incorporation of one substrate amino acid into the nascent peptide chain through a thiotemplate mechanism [5] . Within one module, the specific recognition and ATP-dependent activation of an amino acid is managed by the adenylation (A) domain that forms an amino acyl adenylate intermediate [6] . Subsequently, this intermediate is covalently bound to the 4¢-phosphopantetheinyl (Ppant) cofactor of the corresponding peptidyl carrier protein (PCP) [7] . The activation of the PCP domain by post-translational modification with the Ppant cofactor is catalyzed by a 4¢-Ppant transferase [8, 9] . The condensation of the PCP-bound aminoacyl or peptidyl moieties with the thioester-linked aminoacyl of two adjacent modules is catalyzed by the condensation (C) domain [10] . A module comprising these three domains, C, A and PCP, can be described as a minimal elongation module which is responsible for recognition, activation and condensation of one specific amino acid. By contrast initiation of nonribosomal peptide synthesis is catalyzed by an initiation module which lacks the N-terminal C domain. Structural diversity of NRPS products is enlarged by optional domains catalyzing substrate modifications such as epimerization [11] , heterocyclization [12] or N-methylation [13, 14] . After the last elongation step, the synthesized peptide is usually released by the action of a thioesterase (Te)-like domain which is appended to the last module [15, 16] .
Due to the assembly line-like structure and the architecture of catalytically independent domains, NRPSs are especially suitable for the construction of hybrid enzymes in order to obtain new nonribosomally synthesized compounds [2] . It has previously been shown that such hybrid synthetases can be generated by splicing together gene fragments from different origins. Fusions of domains or modules have led to catalytically active hybrid NRPSs [14, 17, 18] . To further enlarge the potential of constructing different hybrid NRPSs, modules can be used for initiation of peptide synthesis by removing the inherent C domain [19] . This allows nonribosomal peptide synthesis to start with an even larger number of substrates. As in native NRPS-systems, product release in recombinant NRPSs can be realized by a C-terminal Te domain which catalyzes the cleavage of the assembled peptides with high efficiency [20] .
The increasing number of NRPS systems known, the knowledge about mechanisms of synthetases, modules and individual domains and the experience in constructing hybrid synthetases should, in principle, allow rational design of completely new hybrid peptide synthetases. In this paper, we describe the convenient design of dimodular peptide synthetases enabling the enzymatic production of the dipeptide a-L-aspartyl-L-phenylalanine (Asp-Phe). Asp-Phe is an industrially interesting dipeptide, which is used as a precursor in the production of a-L-aspartyl-L-phenylalanine methyl ester (APM) known as aspartame, a high intensity artificial sweetener, which has a 200-fold higher sweetness than sucrose. APM is currently commercially produced on a scale of many thousands of tons per year by two different routes. In the DSM/Tosoh process N-benzyloxycarbonyl-L-Asp is enzymatically coupled to the methyl ester of L-phenylalanine using thermolysin to give N-benzyloxycarbonyl-APM which is subsequently deprotected to APM by hydrogenolysis [21] . In the process developed by NutraSweet/Monsanto the internal anhydride of N-formyl-L-Asp is chemically condensed with L-Phe giving an approximately 8 : 2 mixture of a-and b-N-formyl-Asp-Phe which is subsequently deformylated and simultaneously esterified by treatment with HCl/water/methanol giving a-APMAEHCl precipitate in low yield [22] .
The aim of this work is to design by different fusion strategies several dimodular peptide synthetases and to explore their potential for efficient Asp-Phe formation (Fig. 1) .
Experimental procedures

Bacterial strains
Recombinant plasmids were prepared using Escherichia coli XL1 Blue and E. coli XL10 Gold, respectively (Stratagene, Heidelberg, Germany). Overproduction of recombinant proteins was performed as described before using E. coli BL21(kDE3)-gsp [23] . Therefore, cells were grown in 2xYT medium supplemented with 25 lgAEmL )1 kanamycin and 100 lgAEmL )1 ampicillin (final concentrations).
Cloning of hybrid dimodular NRPS genes
DNA manipulations and E. coli transformations were carried out using standard methods [24] . All recombinant gene fragments were amplified from chromosomal DNA of Bacillus subtilis ATCC 21332 or Bacillus brevis ATCC 8185 using Expand long-range PCR-kit (Roche, Mannheim, Germany). For introducing restriction sites, modified oligonucleotides (MWG Biotech, Ebersberg, Germany) were used. All plasmids are based on the pQE system (Qiagen, Hilden Germany). The plasmids containing the gene fragments encoding the hybrid synthetases are numbered according to the numbering of the enzymes I-VI.
The plasmid pAspPhe-1 is based on the pQE70-vector. A DNA fragment encoding the domains A-PCP-C-A-PCP of surfactin synthetase modules SrfB2-3 was amplified from chromosomal DNA from B. subtilis ATCC 21332 using the primers 5¢-TAAGCATGCTGCTTTCATCTGCAGAA AC-3¢ and 5¢-AATGGATCCTTCGGCACGCTCTAC-3¢ (restriction sites in bold). After digestion with SphI and BamHI the 4903 bp DNA fragment was cloned into the [18] . A DNA fragment encoding the domains A-PCP of surfactin synthetase module SrfB2 was amplified from chromosomal DNA from B. subtilis ATCC 21332 using the primers 5¢-TAACCATGGTGCTTTCATCTGCAGAAAC-3¢ and 5¢-TATGATATCCTCCATATAAGCCGC-3¢. After digestion with NcoI and EcoRV the 1816 bp DNA fragment was ligated into the NcoI and EcoRV digested The plasmids pAspPhe-2 and pAspPhe-4 are derivatives of pAspPhe-3. The DNA fragment encoding the domains PCP-Te of surfactin synthetase SrfC was amplified from chromosomal DNA from B. subtilis ATCC 21332 using the primers 5¢-TATGTTAACTGGATTGGACCGCG GAAC-3¢ and 5¢-TATGGATCCTGAAACCGTTACG GTTTGTG-3¢. The primers 5¢-TATGTTAACGAATAC GTGGCCCCGAG-3¢ and 5¢-TATGGATCCGAAATC GGCCACCTTTTCG-3¢ were used to amplify the DNA fragment encoding the PCP-domain of tyrocidine synthetase module TycC6 from chromosomal DNA from B. brevis ATCC 8185. The PCR-fragments were digested with HpaI and BamHI, yielding the 931 bp [PCP-Te] srfC and the 226 bp [PCP] tycC fragment, respectively. These were cloned into HpaI and 
Overproduction and purification of recombinant enzymes
Escherichia coli BL21(kDE3)-gsp was transformed with the plasmids mentioned above. This E. coli strain carries the pREP4-gsp plasmid supplying the gene gsp coding for the 4¢-Ppant transferase Gsp [23] . The cells were induced at D 600 ¼ 0.6-0.7 with 0.2 mM isopropyl thio-b-D-galactoside and incubated for an additional 1.5 h at 30°C before being harvested. Purification using Ni 2+ -NTA chromatography was performed as described before [20] . Overproduction and purification were analyzed using SDS/PAGE analysis (7.5% Laemmli gels). Pooled fractions were dialyzed against assay buffer (50 mM Hepes, 300 mM NaCl, 1 mM EDTA, pH 8.0) using HiTrap TM desalting columns (Amersham Biosciences). Protein concentrations were determined using the Bradford method [24] .
Enzyme assays
To examine A-domain activity the ATP/PP i exchange reaction was carried out as described previously [23] . Enzyme (20 pmol) in 100 lL reaction volume were incubated with substrate amino acids at a final concentration of 1 mM. The thioester formation assay was performed as described before applying radiolabeled [ ) [23] . For this purpose 50 pmol enzyme were incubated for 15 min at 37°C with 150 pmol of radiolabeled amino acid.
Product formation assay
Dipeptide formation by the hybrid synthetases was investigated by using nonlabeled substrate amino acids and subsequent HPLC/MS analysis. The product assay was performed as described before [18] . HPLC/MS analysis was carried out using 1100 MSD HPLC-Systems (Hewlett Packard) and a Nucleosil C18 3/120-250 column (Macherey-Nagel, Dueren, Germany). Amount of formed dipeptide was determined by comparison to solutions of a-Asp-Phe and b-Asp-Phe reference compounds with different concentrations. The amount of Asp-Phe was calculated by integration of the HPLC/MS signals after certain time of incubation. Product formation rates were determined from initial linear turnover.
Results
In order to develop dimodular NRPSs which would enable the nonribosomal production of the dipeptide Asp-Phe, we designed a set of constructs, using different modules and various fusion sites for combination of L-Asp and L-Phe activating domains. Module and domain fusions were realized by combination of the corresponding gene fragments.
All recombinant enzymes described here were assembled using domains from the well-known biosynthetic operons of surfactin (Srf) and tyrocidine (Tyc) of B. subtilis ATCC 21332 and B. brevis ATCC 8185, respectively (Fig. 2 ) [25, 26] . All constructs contained the A and PCP domains of the Asp activating module of surfactin synthetase SrfB2. As the second module for dimodule construction, the Phe activating modules of either tyrocidine synthetases TycA or TycB2 were selected. In order to obtain catalyzed product release, termination domains (Te or PCP-Te) of Srf and Tyc operons were used. Recent studies have shown that these Te domains are able to catalyze the cleavage of peptide products in hybrid NRPSs with high efficiency [20] . We tried various arrangements to develop a hybrid synthetase with best domain communication. The domains were combined utilizing artificial fusion sites within the linker regions between the respective domains [18, 27, 28] . The interdomain linkers of about 7-15 amino acids were identified by sequence alignments. Furthermore, the definition of the boundaries of PCP domains is supported by the NMR-structure of the PCP domain of TycC3 [29] . Domain fusions between C and A were performed on the genetic level at position 91 amino acids downstream of the C7 core motif and 40 amino acids upstream of the core A1. Fusions with PCP domains were located 38/39 residues upstream or downstream of the invariant serine of the PCP. The dimodular synthetases constructed in this work are shown in Fig. 3 .
The described enzymes I-VI lack the N-terminal C domain of the Asp processing module. It is still uncertain whether domains of a native initiation module can be converted into a part of an elongation module. Furthermore, it has been shown that the C domain exhibits acceptor site specificity [30] . In case of enzyme I the C domains has to recognize phenylalanine at its acceptor site instead of leucine in the native connection. Additionally the hybrid enzyme [A-PCP-C] SrfB2 -[A-PCP] TycB2 -[Te] TycC6 (enzyme VI) was made to clarify the effect of fusions between C and A domains, and to investigate whether the preference of the C domain for leucine at the acceptor site might slow down the formation of Asp-Phe. To avoid possible negative effects of such specificity on the condensation reaction, hybrids II, III, IV and V were constructed to have the same C and A domains from the native elongation Genes encoding the recombinant proteins were cloned into pQE60 and pQE70, respectively, and expressed in E. coli BL21. From the pREP4-gsp plasmid the gsp gene encoding the 4¢-Ppant transferase Gsp was coexpressed to ensure the post-translational modification of enzymes into their active holo-form [23] . Recombinant proteins with predicted masses of 209-212 kDa (enzymes I, II, III, V, VI) and 183 kDa (enzyme IV) were obtained with a yield of 2.5-5 mg protein per 1 L culture. Proteins were purified using Ni 2+ -NTA affinity chromatography.
Catalytic activities
The A domains are responsible for recognition and activation of the substrates as acyl adenylates. To investigate the activity of the A domains in the different hybrid dimodular NRPSs the ATP/PP i exchange assay was used. All recombinant enzymes recognized and activated the cognate amino acids L-aspartic acid and L-phenylalanine as expected. For easier comparison of the quality of the amino acid activation the highest 32 PP i incorporation into ATP was taken as 100% (ATP/PP i -exchange reaction, see materials and methods). Enzyme I forms aminoacyl adenylates from L-Asp (45%) and L-Phe (100%). The Phe A domain in this case also activates the stereoisomeric form D-Phe (98%). Lower rates were observed for Thr (8%), Trp (6%), Tyr (4%) and Met (3%). Other amino acids gave rates of less than 1%. All enzymes constructed with the A domain of TycB2(II-VI) exhibited nearly the same ratio of specificities for L-Asp (40%) and L-Phe (100%). In these constructs the activation of D-Phe (27%) was decreased compared to enzyme I. Aside from the D-Phe site specificity all recombinant enzymes showed similar activation of the cognate amino acids L-Asp and L-Phe.
Activated amino acids are covalently bound to the Ppantarm of the PCP domain adjacent to the activating A domain. The efficiency of communication between A and PCP and the functionality of the PCP domains were tested using the thioester formation assay. Due to the coexpression of the Ppant transferase Gsp, all enzymes were assumed to be present in the modified holo-form. Substrate specificities exhibited in the ATP/PP i exchange assay were confirmed with the thioester formation assay. The recombinant proteins were incubated with radiolabeled L-Asp and L-Phe, respectively. Both L-Asp and L-Phe became covalently tethered to the enzymes regardless of the constructs tested. Approximately 10-15% of total protein could be loaded with L-Asp and 40-50% could be loaded with L-Phe. Additional treatment of the purified hybrid proteins with Ppant-transferases Sfp or Gsp in vitro did not lead to higher enzyme activity. In summary, ATP/PP i exchange and thioester formation assay demonstrate that the catalytic activity of the combined A and PCP domains is guaranteed by the way the fusions were realized.
Product formation
Asp-Phe product formation catalyzed by the different hybrid dimodular NRPSs was investigated using HPLC/ MS analysis. The recombinant proteins were incubated with nonlabeled substrate amino acids and reaction products were identified using reference materials and by the [M + H] + mass of Asp-Phe (calculated [M + H] + ¼ 281 Da). We observed Asp-Phe formation for all constructs, depending on the presence of ATP and both substrate amino acids. In Fig. 4 , a typical HPLC/MS diagram and a mass spectrum of the detected a-Asp-Phe product are presented. In addition to the expected a-Asp-Phe a by-product was found and identified as the isomeric form, b-Asp-Phe (Fig. 4C) . In Fig. 4 analysis of product formation is exemplified by the HPLC/MS diagram of the constructs I and III. The results for the other constructs comprising a Te domain differed in the turnover rate and the ratio of a-AspPhe to b-Asp-Phe (a/b-ratio). Turnover numbers between 0.08 min )1 and 0.7 min )1 were observed for constructs having the C-terminal Te domain (Table 1 ). In relation to the turnover number, the a/b ratio varies for the different constructs. As expected enzyme IV, which lacks the product releasing Te domain, showed marginal Asp-Phe formation. Only a negligible turnover number of less than 0.01 min . Interestingly, when analyzing enzyme III no b-Asp-Phe formation was detectable (Fig. 4) . Obviously, the production of the by-product is suppressed by the high turnover rate of this particular construct III.
Comparison of the amount of Asp-Phe generated by different recombinant proteins illustrates that enzyme III is more efficient than the others. Analyzing Asp-Phe formation after incubation for a prolonged period of time confirms the advantage of enzyme III. All enzymes showed time-dependent increase of Asp-Phe formation, but the productivity slowed down over time, but this effect is least pronounced for enzyme III. Most likely this loss of function is caused by instability of the enzymes during incubation because adding of additional substrate amino acids or ATP to the reaction mixture does not lead to changes in the productivity of the enzymes. Comparing the different constructs and their catalytic activities it can be concluded, that the formation of the b-form by-product is directly related to the turnover number. It appears from this correlation, that b-product formation is strongly reduced at high turnover rates (Fig. 5) .
Discussion
This study was to compare several recombinant Asp-Phe NRPSs created by different fusion strategies, to gain more information on important features for rational engineering of NRPSs. Earlier studies dealing with the development of hybrid NRPSs demonstrated that different strategies can be utilized for successful construction of new enzymes [17, 18, 20] . Modules were fused for example between A and PCP domain or PCP and C domain. The product release was obtained by fusion of Te domains or PCP-Te units. However these examinations were made using different systems. The advantage of this study is the comparison of various hybrid synthetases for production of the same peptide.
All engineered hybrid Asp-Phe synthetases showed product formation indicating that different strategies can be used for the construction of synthetases for production of novel peptides. The most important result is the effect of different fusion sites used for combining the respective domains. The individual catalytic activity of single domains is certainly not affected, but the results demonstrate that the arrangement of modules and domains has important effects on domain interactions.
In addition to the expected dipeptide a-Asp-Phe we observed the production of b-Asp-Phe. It has been reported that dipeptide products can be rapidly released from the enzyme template by formation of diketopiperazine (DKP), resulting in lower yields of expected product [20] . No such Asp-Phe-DKP-formation was observed in case of the AspPhe-hybrids, indicating that turnover rates are not affected by a nonenzymatic product release. The amount of b-AspPhe by-product formed, however, is directly correlated to the turnover rate of the enzymes. Different reasons for b-Asp-Phe formation are conceivable. For instance L-aspartic acid could be activated by the A domain in such a way that a b-L-aspartyl adenylate is formed. However, as the a/b ratio depends on the catalytic rate this explanation is not likely. The absence of b-Asp-Phe production by enzyme III particularly rebuts this explanation. Supposing the A domain activates L-aspartic acid as b-L-aspartyl adenylate at a basic level, the b-Asp-Phe amount should be independent of the turnover rate. Additionally, the Asp A domain of the SrfB2 module was shown to be highly specific for the activation of aspartic acid. The structurally similar amino acids asparagine, glutamate and D-aspartic acid are not activated. Given this, and the known substrate recognition of A domains [6, 31, 32] direct activation of the b-carboxyl group is improbable. Therefore, a more probable explanation for b-Asp-Phe formation is by conversion of enzyme-bound aspartic acid. We suggest a rearrangement mechanism that can explain the particular behavior of these hybrid synthetases (Fig. 6) . According to this model a-aspartyl-S-Ppant covalently tethered to the PCP domain can be cleaved by an intramolecular nucleophilic attack of the b-carboxylate group on the thioester carbonyl function, forming the five-membered 2-amino-succinic anhydride. This anhydride can be attacked on its a-or b-position by the thiolate of the Ppant-moiety, resulting in a-L-aspartyl-S-Ppant and b-L-aspartyl-S-Ppant, respectively. These two isomeric aspartyl-thioesters are then processed into PCP-bound a-and b-Asp-Phe, which are subsequently released from the protein template, giving liberated a-Asp-Phe and b-Asp-Phe.
Our results show that increasing speed of product formation leads to reduction of a-aspartyl-S-Ppant isomerization. In terms of the mechanism of Fig. 6 this means if k 4 > > k 1¢ most of the product will be a-Asp-Phe. If, on the other hand, k 4 , k 5 < < k 1 , k 2 , k 3 the equilibrium between a-aspartyl-S-Ppant and b-aspartyl-S-Ppant will be fully established. Such a situation is most likely to occur for enzymes V and VI. Furthermore, if the condensation reaction and anhydride formation occur with nearly the same rate (k 1 , k 2 , k 3 ¼ k 4 , k 5 ) a/b ratios between 75 : 25 and 100 : 0 are expected. Rapid hydrolysis of 2-amino-succinic anhydride can explain the low thiolation rate (k 6 > k 4 , k 5 ). The a to b-Asp rearrangement is a potential liability in any NRPS assembly line where an Asp-thioester would accumulate. Similar rearrangement mechanisms are also possible for other amino acids having nucleophilic sidechains, such as ornithine or glutamate.
As described above, different rates of product formation were observed for the recombinant proteins. The most important effect on enzyme activity was exerted by changes of Te fusions. The hybrid enzyme yielding the highest turnover number is enzyme III (0.7 min , it is probable that structural changes caused by the artificial domain combinations affected the activity. We showed that the intrinsic activities of single domains are independent of changes within the interdomain linker. However, it is still not known exactly how modifications within the interdomain linkers influence the communication of domains in a hybrid NRPS [17] .
Increase of b-Asp-Phe formation is an indication for slow transmission of the activated amino acids to the next processing domain, indicating that the enzyme bound dipeptide is not cleaved off rapidly enough. Referring to the proposed mechanism (Fig. 6 ) it can be concluded that the condensation reaction (k 4 ) is slowed down if product release is the rate limiting step, resulting in the rearrangement of enzyme bound a-Asp-Phe. If k 4 is much higher than k 1 , L-aspartic acid is processed into a-Asp-Phe only, as seen for enzyme III. Here the higher catalytic activity of the Te domain diminishes the extent to which termination limits overall turnover.
In case of enzyme I the Phe activating A domain of the native initiation module TycA was used and fused at its C-terminus to the domains A-PCP-C of SrfB2-3. This assembly probably limits the catalytic rate independently of the Te reaction. If so the rate limiting step in these constructs is the condensation reaction. It is known that the C domain possesses an acceptor site specificity [30, 33] . On account of the native connection, the SrfB3 C domain, which is a component of the enzymes I and VI, exhibits an intrinsic substrate specificity for leucine and the processing of phenylalanine may be impeded. In this case an improvement of the Te domain reaction would not accelerate product formation. This comparative study of hybrid Asp-Phe synthetases confirms the idea that the C and A domains of the same module represent a catalytic unit. Therefore fusions of NRPS modules should preferably be chosen between PCP and C domain in order to leave the C-A junction intact. However, the activity of the hybrid enzyme I demonstrate that in principle it is possible to use domains of native initiation modules for the construction of hybrid elongation modules utilizing fusions between C and A domain, even though the catalytic efficiency is lower compared to constructs with native elongation modules like enzymes II and III. On the other hand A-PCP units of native elongation modules can be used for initiation of hybrid synthetases, as it is realized in the described Asp-Phe synthetases. In summary several different strategies have proved successful for rational engineering of an NRPSbased dipeptide synthetase, but some proved better than others.
